In there is an appreciable combined effect of clustering in the presence of interphase regions which leads to increases in conductivity larger than the sum of the two effects independently.
INTRODUCTION
The interest in developing multifunctional materials for use in advanced structures, particularly in the aerospace industry, has been one of the contributing factors encouraging the development of nanocomposites. In particular, nanocomposites consisting of single-wall carbon nanotubes (SWCNTs) dispersed in a polymer matrix have been proposed by many as a material capable of providing enhanced elastic, thermal and electrical properties (among others) relative to the neat polymer matrix materials typically used in traditional structural carbon fiber composites [1] [2] [3] [4] . The intent is to allow for the development of carbon fiber composites which can serve not only as a key structural element, but which are able to provide improved thermal management and electrostatic static discharge abilities with negligible increase in weight. As a result of the orders of magnitude difference in properties between SWCNTs and most polymers, it is believed that only a small amount of SWCNTs would be needed to impart large increases in the elastic, thermal and electrical properties. Recent characterization efforts have shown this certainly is the case in terms of the electrical properties of nanocomposites where fractions of a weight percent of SWCNTs have been shown to lead to percolation and a corresponding six to eight orders of magnitude increase in electrical conductivity relative to that of the neat polymer [5] [6] [7] [8] [9] [10] .
Upon observing such large increases in conductivity at such extremely low weight fractions, two distinct mechanisms were put forward in the literature as possible explanations. One explanation relied on traditional percolation theory and indicated the source of the large increase in conductivity to be the result of the formation of conductive paths of nanotubes, facilitated by the nanotubes' high aspect ratio [6, 11, 12] . At such low weight fractions, this mechanism would seem to imply that there may not be uniform dispersion of the nanotubes within the samples studied. Other researchers proposed an alternate explanation in the literature which focused instead on the nanoscale effect of electron hopping [12] [13] [14] [15] . Some have taken this result to indicate that there may exist a region of enhanced conductivity surrounding the nanotubes, and extending some distance into the polymer which would be taken to correspond to the electron hopping range [16] [17] [18] . However, estimates of the of the corresponding interphase region thickness needed to explain the low weight fraction percolation indicated hopping distances much larger than the values generally based on quantum mechanics considerations [19] . This seemingly indicates that such a mechanism would be a secondary effect compared to the formation of conductive networks, perhaps of greater significance only in the context of bundles of nanotubes.
In the present work, computational micromechanics techniques are applied towards predicting the effective electrical conductivities of polymer nanocomposites containing aligned bundles of SWCNTs at wide range of volume fractions. Periodic arrangements of well-dispersed and clustered/bundled SWCNTs are studied using the commercially available finite element software COMSOL Multiphysics 3.4. The volume averaged electric field and electric flux obtained are used to calculate the effective electrical conductivity of nanocomposites in both cases, therefore indicating the influence of clustering on the effective electrical conductivity. In addition, the influence of the presence of an interphase region on the effective electrical conductivity is considered in a parametric study in terms of both interphase thickness and conductivity for both the well dispersed case and for the clustered arrangements. Comparing the well-dispersed case with an interphase layer to the same arrangement without the interphase layer allows for the assessment of the influence of the interphase layer on the effective electrical conductivities, while similar comparisons for the clustered arrangements yield information about the combined effects of clustering and interphase regions.
IDENTIFICATION OF NANOCOMPOSITE MODEL
In the present work, computational micromechanics techniques are applied towards predicting the effective electrical con- Figure 1 . Identification of representative volume element (RVE) for well dispersed and clustered arrangements of nanotube bundles [20] .
(a) (b) Figure 2 . Finite element meshes for well-dispersed arrangements of nanotubes applied (a) in single-step computational micromechanics approach using hollow tubes and (b) in two-step computational micromechanics approach using solid effective nanotubes.
ductivities of polymer nanocomposites containing aligned bundles of SWCNTs. Periodic arrangements of well-dispersed and clustered/bundled SWCNTs, as shown in Figure 1 , are studied using the commercially available finite element software COM-SOL Multiphysics 3.4. It is assumed that the nanotubes are of a sufficiently high aspect ratio so as to be treated as infinitely long, therefore allowing the use of 2D analysis. The nanotubes were taken to have an isotropic annular conductivity of 1000 S/cm [21] while the polymer conductivity was taken as 1.00E-11 S/cm [22] , and to have an outer radius and annular thickness of 0.85 nm and 0.34 nm, respectively. Finite element meshes of RVEs are constructed with either hollow CNTs (resulting in what would be termed a single step method), or using effective solid nanotubes having transversely isotropic effective determined from a composite cylinder approach [16, 23] (resulting in what would be termed a two-step method) as shown for the well-dispersed case in Figure 2 . For a given set of boundary conditions, the electric potential, φ, can be determined at every location from the conservation of charge equation, which in the case of steady state conditions has the following form:
where the electric flux vector, J, at each point in the body is assumed to obtained from the electric field, E, according to Ohm's law given by (i.e., for both materials, nanotube and polymer)
and where the electric field vector can be expressed in terms of the electric potential, φ, by
Periodic boundary conditions corresponding to a transverse gradient in electrical potential are applied to determine the corresponding local distribution in the electric field and electric flux within a given representative volume element (RVE), as shown for the single-step well-dispersed case in Figure 3 . The volume averaged electric field and electric flux are obtained from the local distributions within the RVE and are used to calculate the effective electrical conductivity in the transverse direction from
where • indicates the volume average. The effective transverse conductivities obtained using both single-step and two-step approaches are compared in Figured 4, and are observed to yield nearly identical results for effective bundle electrical conductivities over a wide range of volume fractions. Because of this good agreement, only two-step approach results will be presented in the subsequent discussion to better delineate between the nanotube and interphase regions.
EFFECTS OF INTERPHASE REGIONS
The influence of the presence of an interphase region on the effective electrical conductivity is considered in a parametric study in terms of both interphase thickness and conductivity. The resulting influence of changes in the interphase conductivity for the well-dispersed arrangement of nanotubes is provided in Figure 5 , for conductivities ranging from 1E-4, 1, 1E4 and 1E8 times the matrix conductivity, and at a nominal interphase thickness of twice the nanotube radius (selected so as to be able to draw comparisons with results obtained in Ref. [20] . Here it is interesting to note that despite the four orders of magnitude difference between the 1E4 and 1E8 cases, the effective conductivities are nearly identical up to what is identified as the interphase percolation volume fraction (∼ 11%). This is in contrast with observations for the effective elastic properties in Ref. [20] where corresponding increases in conductivity yielded significant differences in effective properties. However, it is agreement with observations made in Ref. [16] where analytic micromechanics approaches were used to study the effective conductivity of nanocomposites containing randomly oriented nanotubes. There it was indicated that more significant than the magnitude of the interphase conductivity was the extremely large difference in conductivities between the nanotube and polymer (∼ 14 orders of magnitude), making the replacement of matrix material the key factor. As the same amount of matrix material is replaced by interphase material in generating the 1E4 and 1E8 interphase cases, they yield nearly identical electrical conductivities prior to percolation. Above the interphase percolation concentration, the micromechanics model shifts from the three phase model below percolation to a two phase model of nanotubes embedded in the interphase material (as opposed to the original matrix material). The reason for this can be seen in the schematic provided in Figure 6 of a well-dispersed arrangement of interphase-coated effective nanotubes at a volume fraction just above the interphase percolation volume fraction. With further increases in volume fraction above the interphase percolation volume fraction, the residual matrix between the overlapping interphase regions is reduced, until there is no longer any matrix material remaining. Effective electrical conductivity results for a well-dispersed arrangement of nanotubes having a 0.35 nm thick interphase region with a conductivity 1E4 times that of the matrix are provided in Figure 6 at volume fractions both above and below the interphase percolation volume fraction of 0.5. The results obtained are compared with analytic solutions given by the composite cylinders method, and are found to be in good agreement both above and below the percolation concentration, with both methods yielding a post-percolation jump in conductivity of the same order as the interphase conductivity. 
EFFECTS OF CLUSTERING AND CLUSTERING WITH INTERPHASE REGIONS
In addition to considering well-dispersed arrangements of nanotubes, five clustered arrangements of nanotubes, both with and without interphase regions are considered to ascertain the influence of clustering and to investigate the combined effects of clustering and interphase regions. Schematic representations of the five clustered arrangements are provided in Figure 8 . For these cases, a nominal interphase thickness of 0.35 nm and volume fraction of 0.1 (well below the interphase percolation concentration) are selected. Interphase conductivities of 1 (nointerphase) and 1E4 times the matrix conductivity are considered. The same periodic boundary conditions applied in the welldispersed case are applied in to the clustered arrangements in determining the local field quantities, as shown for the Case B arrangement in Figure 9 . From the electric field and flux contours, clear regions of strong local interactions are noted to form between neighboring nanotubes in the clustered arrangement. It is these augmented local interactions which influence the effective electrical conductivities obtained from the corresponding volume averages. The effective electrical conductivities for all five clustered arrangements, both with and without the presence of an interphase region, are provided in Figure 10 along with the effective conductivity for the well dispersed case, also both with and without an interphase region, providing a summary both interphase and clustering effects independently and combined. Similar to what was observed in Ref. [20] , comparing the first column of the well-dispersed case (denoted PH) with the first columns of five clustered arrangements indicates that clustering alone has relatively little impact on effective conductivity (1-2% difference between the well-dispersed and clustered cases). Comparing the second two columns for the PH case with the first shows the significant increase (∼ 20%, though small compared to relative increase in conductivity of the interphase relative to the matrix) due only to interphase effects, also in good agreement with Ref. [20] . However in contrast to these previous results, comparing the second two columns of each of the clustered cases to the well-dispersed case indicates only a slight combined effect of clustering and interphase regions visible in the more clustered arrangements of Case A and Case B. It is believed that the reason for this again lies in the large disparity in nanotube and polymer properties which in terms of conductivity again noted to be roughly 14 orders of magnitude while the difference in elastic properties is noted to be only 3-4 orders of magnitude. Thus, under the assumption that the nanotubes remain fully enveloped in the polymer matrix (i.e. no nanotube-nanotube direct contact), the extremely low relative conductivity of the matrix dominates the effective nanocomposite properties.
CONCLUSIONS
Computational micromechanics approaches have been used to study the independent and combined effects of interphase regions and clustering on the effective electrical conductivity of carbon nanotube-polymer nanocomposites in the direction transverse to the aligned nanotube axis. The results indicate that there is very little influence of the interphase layer (considering the large increases in conductivity studied) on the effective conductivity prior to what is identified as the interphase percolation concentration, regardless, of the interphase layer conductivity, due to the extremely low matrix conductivity. Beyond the percolation concentration, the effective properties are largely dependent on the interphase electrical conductivity, and therefore demonstrate large increases in conductivity. Given the non-contact assumption implicit in the present work, the extremely low matrix conductivity mitigates the combined effects of clustering and interphase regions previously observed in analogous parametric studies on nanocomposite elastic properties. This points towards nanotube-nanotube contact as perhaps being a significant contributor to the low volume fraction percolation limits observed nanocomposite characterization efforts.
